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Future CMB observations: 

Can we break ΛCDM?



Outline
• Cosmic microwave background (CMB):


– What are the neutrino masses?


– What caused inflation?


• Future CMB experiments


– Ground


– Satellites



Cosmic Microwave Background + Large Scale Structure + Supernovae

Percival et al 2010

BAO in SDSS DR7 7

Figure 2. Average likelihood contours recovered from the analysis of three

power spectra (top panel) and six power spectra (bottom panel) measured

from 1000 Log-Normal density fields. Contours are plotted for −2 lnL =
2.3, 6.0, 9.2, corresponding to two-parameter confidence of 68%, 95% and
99% for a Gaussian distribution. Contours were calculated after increas-

ing the errors on the power spectrum band-powers as described in the text.

Solid circles mark the locations of the likelihood maxima closest to the

true cosmology. We have plotted the likelihood surface as a function of

DV (z)/Mpc, for fixed rs(zd) = 154.7 Mpc, to show distance errors if
the comoving sound horizon is known perfectly. The values ofDV for our

input cosmology are shown by the vertical and horizontal solid lines.

6 RESULTS

Baryon Acoustic Oscillations are observed in the power spectra

recovered from all redshift slices of the SDSS+2dFGRS sample

described in Section 3, and are shown in Fig. 3, where we plot

the measured power spectra divided by the spline component of

the best-fit model. In our default analysis we fit power spectra

from six redshift slices as described in Section 3, using a spline

for DV (z) with two nodes at z = 0.2 and z = 0.35. We as-
sume a fixed BAO damping scale of Ddamp = 10 h−1 Mpc and
fit to all SDSS and non-overlapping 2dFGRS data. The effect of

Figure 3. BAO recovered from the data for each of the redshifts slices

(solid circles with 1-σ errors). These are compared with BAO in our de-

fault ΛCDM model (solid lines).

these assumptions is considered in Section 8. The resulting like-

lihood surface is shown in Fig. 4 as a function of DV (z)/Mpc,
for fixed rs(zd) = 154.7 Mpc, to show distance errors if the co-
moving sound horizon is known perfectly. The constraints should

be considered measurements of rs(zd)/DV (z) (see Section 4).
Fig. 4 reveals a dominant likelihood maximum close to the pa-

rameters of a ΛCDM cosmology with Ωm = 0.25, h = 0.72, &

c⃝ 0000 RAS, MNRAS 000, 000–000

Larson et al 2011 Amanullah et al 2010

We live in a flat universe whose 
expansion is accelerating!

ΛCDM: 6 parameters fit all observations



1. What are the neutrino 
masses?

2. What caused inflation?

among others — is the Dark 
sector fully explained by 2 
parameters?

But this can’t last…

ΩΛ + Ωc = 0.9539 ± 0.0015



Reionization,

first starsBBN,


Recombination,

CMB

Galaxies, 

many more stars

Large-Scale Structure,

accelerated expansion

Inflation?
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z=0

CMB polarization can address 
these questions

CMB power spectrum:


• What caused inflation? 

• How many relativistic degrees 
of freedom (ie neutrino species) 
are present?

etc.

Gravitational lensing and the Sunyaev-
Zel’dovich (SZ) effect:

• What are the neutrino masses?  
etc.



• Any polarization pattern can be 
decomposed into “E” (grad) and “B” (curl) 
modes


• Density fluctuations at LSS do not 
produce “B” modes!

The CMB is polarized

Smith et al 2008 

10o



• Any polarization pattern can be 
decomposed into “E” (grad) and “B” (curl) 
modes


• Density fluctuations at LSS do not 
produce “B” modes!

The CMB is polarized

Smith et al 2008 
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B-modes have a very low background!
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B-modes come from:

Inflationary 
gravitational 
waves

Gravitational 
lensing



Small 

Changes

Big 

Changes!!!

Effect of 
Lensing

Gravity 
wave 
signal

Why look at Polarization?



Lensing power spectrum



Lensing power spectrum

Sample variance limits:

* Planck L<40

* SPTpol, ACTpol, 
POLARBEAR: L < 200ish

* CMB-S4: L <1000 !

7.2 Measuring CMB Lensing 123

CMB modes between l = 2000 and 4000, which can be achieved with CMB-S4 yields considerable gain in
the accuracy of the lensing power spectrum measurement.
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Figure 46. Signal and noise-per-mode curves for three experiments. “Stage 2” is meant to represent a
current-generation survey like SPTpol or ACTPol and has �T = 9µK-arcmin; “Stage 3” is an imminent
survey like SPT-3G or AdvACT, with �T = 5µK-arcmin; and “Stage 4” has a nominal noise level of
�T = 1µK-arcmin. These noise-per-mode curves do not depend on the area of sky surveyed. All experiments
assume a 1.4’ beam.

However, the primary reason for the increased power of CMB-S4 lensing measurements is this experiment’s
ability to measure CMB polarization with unprecedented sensitivity. To date, CMB lensing results have
had their signal-to-noise dominated by lensing reconstructions based on CMB temperature data (see Figure
46). Such lensing measurements in temperature are limited for two reasons. First, they are limited by
systematic biases from astrophysical foregrounds and atmospheric noise. Second, the signal-to-noise on
lensing measurements from temperature is intrinsically limited by the cosmic variance of the unlensed CMB
temperature field. Due to the unprecedented sensitivity of CMB-S4, the bulk of the lensing signal-to-noise will
now be derived from CMB polarization data (see Figures 46 and 47). Polarization lensing reconstruction will
allow CMB-S4 to overcome both of these limitations. For the former, the challenges of astrophysical emission
and atmospheric noise are much reduced in polarization data. For the latter, low-noise polarization lensing
measurements are not limited by primordial CMB cosmic variance, because they make use of measurements
of the B-mode polarization, which contains no primordial signal on small scales. To fully exploit the lack of
limiting primordial signal in the B-mode polarization, maximum likelihood lensing reconstruction algorithms
can be used, which use iteration to surpass the quadratic estimator. This iterative lensing reconstruction
procedure is discussed in more detail in Section 7.4.

7.2.2 Lensing Power Spectrum

The power spectrum of reconstructed CMB lensing maps is a measure of the matter power spectrum
integrated over redshift. The lensing power spectrum has a broad redshift response kernel, with most of

CMB-S4 Science Book

from CMB-S4 science book

eg AdvACT, SPT-3G, Simons 
Array

eg ACTpol, SPTpol, 
POLARBEAR

CMB-S4



Neutrinos mass 
from Lensing

Long scales: 
Faster expansion & 
clustering cancel 

(no net change)

Short scales: 
Faster expansion 
suppresses structure

3.3 Cosmological Measurements of Neutrino Mass 53
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Figure 2–3: Visualizing the impact on cosmological power spectra of varying the
total neutrino mass. Each curve represents a change in the total neutrino mass of
0.1 eV. At top left, the impact on the matter power spectrum is shown, with the
top-right panel showing the relative change, in comparison to the no-mass case. The
massive neutrinos wash out structure on scales k > 0.01 h Mpc�1. Similar behavior is
seen in the two-dimensional CMB lensing power spectra (middle row). The bottom
row shows the impact on the CMB temperature power spectrum.

20

Figure 14. The e↵ect of massive neutrinos on the matter power spectrum and CMB lensing power
spectrum. Top Left: The e↵ect of neutrino mass on the matter power spectrum. Top Right: The change to
the matter power spectrum relative to the case with massless neutrinos. Bottom Left: The projected matter
power spectrum observed through CMB lensing shows the same suppression with neutrino mass. Bottom

Right: The relative change to the lensing potential power spectrum.

The lower limit on ⌦⌫h
2 is a reflection of the lower limit on the sum of the masses,

P
m⌫ & 58 meV, that

is determined from neutrino oscillation experiments [276]. This sets a clear observational target for future
observations.

Any probe of Pmm at late times is, in principle, sensitive to the sum of the neutrino masses. The question
we will be most interested in is whether a given probe is sensitive to the lower limit,

P
m⌫ = 58meV (or

⌦⌫h
2 = 0.0006) under realistic circumstances. In this subsection, we will discuss the two methods through

which CMB-S4 can directly constrain the neutrino mass, CMB lensing and SZ cluster abundances. We will
also compare these observables to other cosmological probes of the neutrino mass from upcoming large scale
structure surveys such as DESI and LSST.

CMB-S4 Science Book

Massive neutrinos reduce 
the lensing power spectrum

mν



Neutrinos mass forecasts
64 Neutrinos

Figure 20. Shown are the current constraints and forecast sensitivity of cosmology to the neutrino mass in
relation to the neutrino mass hierarchy. In the case of an “inverted ordering,” with an example case marked
as a diamond in the upper curve, the CMB-S4 (with DESI BAO prior) cosmological constraints would have
a very high-significance detection, with 1� error shown as a blue band. In the case of a normal neutrino mass
ordering with an example case marked as diamond on the lower curve, CMB-S4 would detect the lowestP

m⌫ at & 3�. Also shown is the sensitivity from the long baseline neutrino experiment (DUNE) as the
pink shaded band, which should be sensitive to the neutrino hierarchy. Figure adapted from the Snowmass
CF5 Neutrino planning document.

3.4.4 Sterile Neutrinos

Mechanisms of introducing neutrino mass often include sterile neutrinos, with both Majorana and Dirac
terms potentially contributing (e.g., Ref. [345]):

LD = �mD (⌫̄L⌫R + ⌫̄R⌫L) (3.36)

LM = �1

2
mT (⌫̄L⌫c

L + ⌫̄c
L⌫L) � 1

2
mS (⌫̄R⌫c

R + ⌫̄c
R⌫R) = �1

2
mT (⌫̄a⌫a) � 1

2
mS (⌫̄s⌫s) , (3.37)

where ⌫a ⌘ ⌫L + (⌫L)c and ⌫S ⌘ ⌫R + (⌫R)c are active and sterile Majorana two component spinors,
respectively. The mass mT can be generated by a Higgs triplet, i.e., mT = yT h�0

T i, or from a higher-
dimensional operator involving two Higgs doublets with coe�cients C/M. For dimension 5 operators, this
becomes the Type-I seesaw mechanism, where both Majorana and Dirac terms are present and mS � mD.

A number of recent neutrino oscillation experiments have reported anomalies that are possible indications of
four or more neutrino mass eigenstates. The first set of anomalies arose in short baseline oscillation experi-
ments. First, the Liquid Scintillator Neutrino Detector (LSND) experiment observed electron antineutrinos
in a pure muon antineutrino beam [346]. The MiniBooNE Experiment also observed an excess of electron
neutrinos and antineutrinos in their muon neutrino beam [347]. Two-neutrino oscillation interpretations
of these results indicate mass splittings of �m2 ⇡ 1 eV2 and mixing angles of sin2 2✓ ⇡ 3 ⇥ 10�3 [347].
Another anomaly arose from re-evaluations of reactor antineutrino fluxes that indicate an increased flux
of antineutrinos and a lower neutron lifetime. This commensurately increased the predicted antineutrino
events from nuclear reactors by 6%, causing previous agreement of reactor antineutrino experiments to have

CMB-S4 Science Book

from CMB-S4 science book



Takeaway 1:


CMB lensing + BAO or H0 will 
measure sum of neutrino 

masses to 15 meV



16

B-modes come from:

Inflationary 
gravitational 
waves

Gravitational 
lensing



Tensor-to-scalar ratio (r)

Scalar perturbations

Tensor perturbations

•  Perturbations in the energy density.

•  The only perturbations which form structure due to gravitational instability 
(therefore only ones required in a minimal model)

•  Gravity waves - transverse-traceless metric perturbations

•  Generally predicted by inflation models; amplitude related to energy scale at 
which inflation occurs. 

r is the ratio of tensor to scalar power at a 
certain angular scale



Results since last Planck release
from L Page



Results since last Planck release
from L Page

Approximate Planck 
BB foreground 
model

Handling Galactic foregrounds is key!



Forecast Inflaton constraints
2.5 Implications of an improved upper limit on r 25
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Figure 10. Forecast of CMB-S4 constraints in the n
s

–r plane for a fiducial model with r = 0.01.
Constraints on r are derived from the expected CMB-S4 sensitivity to the B-mode power spectrum as
described in Section 2.3. Constraints on n

s

are derived from expected CMB-S4 sensitivity to temperature
and E-mode power spectra as described in Section 8.10.2. Also shown are the current best constraints from a
combination of the BICEP2/Keck Array experiments and Planck [8]. Chaotic inflation with V (�) = µ4�p�p

for p = 2/3, 1, 2 are shown as blue lines for 47 < N? < 57 (with smaller N? predicting lower values of n
s

).
The Starobinsky model and Higgs inflation are shown as small and large filled orange circles, respectively.
The lines show the classes of models discussed in Section 2.5. The green band shows the predictions for
quartic hilltop models, and the gray band shows the prediction of a sub-class of ↵-attractor models [60].

2.5 Implications of an improved upper limit on r

As detailed in previous sections, a detection of primordial gravitational waves would have profound implica-
tions. However, even excluding the presence of gravitational waves at a level observable by CMB-S4 would
have important consequences for the theory of inflation. Current constraints already strongly disfavor models
that were plausible candidates, such as chaotic inflation with a quadratic potential [7, 66, 8]. Upper limits
from CMB-S4 would rule out large classes of inflationary models. In particular, all models that explain the
observed value of ns naturally (in the sense detailed below), with a scale of the characteristic variation of
the potential exceeding the Planck scale would be excluded.

We present a version of an argument for the implications of an upper limit on r, developed in Refs. [67, 68, 69],
which does not rely on the microscopic details of inflationary models. In the limit where the slow-roll
parameter ✏ ⌧ 1, Eqs. (2.6) and (2.8) lead to a di↵erential equation

d ln ✏

dN � (ns(N ) � 1) � 2✏ = 0 , (2.19)

where N is the number of e-folds until the end of inflation, and ns(N )�1 denotes the spectral index evaluated
at the wavenumber of the mode that exits the horizon N e-folds before the end of inflation. Note that ✏ is
small (but positive) during inflation and ✏ ⇠ 1 when inflation ends. If ✏ is a monotonic function of N this
implies ns(N ) � 1  0, in agreement with observations.

CMB-S4 Science Book

from CMB-S4 science book

Pushing limits to r~0.001 would rule out large field inflation models

includes degradation due 
to foreground cleaning



Slam dunks in the next decade

• 95% limit r < 0.001 (or detection) ℓ < 200

• Measure the sum of the neutrino masses 

to 15 meV. 200< ℓ < 4000


• Probes of dark energy from the abundance of galaxy 
clusters selected by the Sunyaev-Zel’dvich effect


• New tests of GR & the std. model through cross-
correlations & growth of structure



Outline
Cosmic microwave background (CMB):


– What are the neutrino masses?


– What caused inflation?


• Future CMB experiments


– Ground-based


– Satellites



CMB Experimental Stages
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Today

Snowmass: CF5 Neutrinos Document
arxiv:1309.5383

Stage-IV CMB 
experiment = CMB-S4 
~200x faster than the 
Stage 2 experiments 
that just finished

Enabling technologies:  
•  First multichroic detectors on-sky in 2017. 
•  Better multiplexing 
•  Beginning to deploy tens of thousands of detectors

Stage-III CMB 
experiments are starting 
now, e.g., BICEP3, 
CLASS, SPT-3G, 
AdvACT, Simons Array



CMB Experimental Stages: 
Science forecasts

CMB-S4 
Science 
Book

x6 x10 x7x70Order of magnitude improvements 
compared to today: 



CMB Experimental Stages: 
Science forecasts

CMB-S4 
Science 
Book

ΔNeff ≥ 0.047 for spin 1/2, 1, or 3/2


ΔNeff ≥ 0.027 for spin 0
Theoretical targets: 

if in thermal 
equilibrium at some 
point



Chile

AdvACT

*Simons Array

CLASS

*GroundBIRD - MKIDs             

Antarctica

BICEP3

SPT-3G                  

30, 40, 90, 150, 230 GHz 

90, 150, 220, 280 GHz

40, 90, 150 GHz

150, 220 GHz

90, 150, 220 GHz

90, 150, 220 GHz

Planned freqs

First light in 
2017-2018

~10-20k detectors

+Lens

+Lens

+Lens

Experiments finishing now have ~6000 detector-years


The experiments starting now plan order 70,000 detector-years

GroundBIRD

SPT-3G focal plane 

AdvACT



~2020:

Simons Observatory (Chile)

BICEP Array (Antartica)

SPT-4G? (Antartica)            

First Light ~2020+

early-mid 2020s

CMB-S4  (Chile, Antartica)

Also Balloons:

SPIDER2

EBEX - IDS

Goal: 2 million detector-years

Order 250,000 detector-years

BICEP Array



Future

Satellites


LiteBIRD

• LiteBIRD (Japan) - launch in 
10 years


• PIXIE (recently reviewed for 
Phase B), CMBpol (concept 
study) (US)


• COrE (EU)

PIXIE concept
2,022$Bolometers$



LiteBIRD
▪ JAXA’s strategic large mission candidate 

▪ In Phase-A1 (~2 years) for concept development 
▪ CMB polarization all-sky surveys for testing 

cosmic inflation 
▪ One of top-priority science goals in JAXA roadmap 

▪ δr < 0.001 for full success (w/o delensing) 
▪ Launch in 2026-27 w/ JAXA’s H3 rocket for  

3-year observations at L2 
▪ Heritages from JAXA’s cryogenic satellites 
▪ JAXA Phase-A1 team experience: 

▪ X-ray satellites, CMB exp., large-scale projects  
(in high energy physics, ALMA)  

▪ Strong support from community in Japan 
▪ Listed as a top-priority large-scale project in 

Master Plan 2017 of Science Council of Japan 
▪ International project 

▪ Expertise of US team in CMB projects 
▪ Expertise of readout electronics in Canada 
▪ Planck legacies/lessons learned (Europe+US) LiteBIRD (2 ≤ ell ≤ 200)
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1.8m TES array

ST/JT coolers



In conclusion
• CMB experiments have detected the B-mode 

polarization signal, enabling: 
- Searches for inflationary gravitational waves 

“Smoking gun of inflation” 
• Must deal with Galactic foregrounds  

- Precision mass maps through gravitational lensing 
(neutrino masses) 

• Experimental sensitivities are improving rapidly with 
diverse technology base 
- Order of magnitude improvements with each 

generation


